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Marine soundscapes of the Arctic and
human impacts: going beyond the

‘“shipping bands”

M| Check for updates

Philippe Blondel ><, Rhys Belcher & Dylan Cooper

In the Arctic, amplified climate change enables increased human activity, adding to sounds in the
ocean. Future guidelines need to know local baselines and how best to measure anthropogenic
impacts. The EU Marine Strategy Framework Directive uses “shipping bands”, third-octave bands
centred on 63 Hz and 125 Hz. Addressing the lack of measurements, acoustic models often use
satellite recordings of ship tracks, We investigate sound levels in Cambridge Bay (Nunavut, Canada)
between 2015 and 2024, comparing May (full ice cover, no shipping) and August (little to no ice,
shipping activity). We show “shipping bands” should include frequencies up to several kHz and
sounds include snowmobiles, aircraft and small vessels untracked by satellites. This will need
addressing in future guidelines. This is particularly important because of the development of Arctic
shipping routes, increasing resource exploration and tourism, amplified by current plans for the
expansion of mining, drilling and other geostrategic pressures.

Climate change happens three times faster in the Arctic', with declining sea
ice and changing ecosystems’, against a background of ocean temperatures
increasing’ in the upper 2000 m. This affects its natural soundscapes’, as
easier and increasing access to the Arctic waters introduces additional
sounds which can be heard hundreds of kilometres away’. It is therefore
important to design relevant guidance on the introduction of anthropogenic
sounds, and the European Marine Strategy Framework Directive (MSFD®)
is often cited as a model. It has been the first legislation globally to address
underwater noise pollution explicitly’. Its Descriptor D11C2 for “con-
tinuous low-frequency sound” emphasizes the use of third-octave bands
centred on nominal frequencies of 63 Hz and 125 Hz**, generally associated
with shipping and more generally with anthropogenic noise. Later studies
(summarised in”) reported that ship noise may peak at higher frequencies
(up to several kHz) and the 2014 TG Noise monitoring guidance recom-
mended that frequencies of up to 20 kHz be considered in the monitoring of
this indicator®. Originally developed for open waters around Europe, the
MSED also applies to its Arctic regions. Its “shipping bands” have been used
to model human impacts in the Arctic, but ambient sounds decrease in the
presence of ice’ whereas sound propagation varies with ice thickness and
roughness™'’. For these reasons, it is appropriate to investigate how the
MSED recommendations could be adapted to the dynamic and variable
Arctic environments.

Shipping is the largest source of anthropogenic sounds. It has
steadily and significantly increased global contributions to underwater
sounds worldwide'""? and models" suggest that at the current rate, the

global shipping noise emissions would double every 11.5 years. As sea
ice decreases and sailing seasons expand, shipping is due to expand
along the Northwest Passage, the Northern Sea Route and ultimately
the Transpolar Sea Route directly across the North Pole'"". Analyses of
shipping in Arctic Canada for the 26-year period of 1990 to 2015
already show the distances travelled by ships nearly tripled. The most
common ships were general cargo vessels, government icebreakers and
research ships, whereas pleasure crafts (yachts) were the fastest
growing vessel type. Arctic expedition cruise vessels are also an
emerging source of underwater sounds, including icebreaking activ-
ities, speedboat deployments'’ and mooring in ecologically sensitive
areas (Ekaluktutiak Hunters & Trappers Organization, pers. comm.,
2023). Fishing vessels are less visible, partly because fishing is limited
by the International Agreement to Prevent Unregulated Fishing in the
High Seas of the Central Arctic Ocean (which entered into force in 2021,
for 16 years), partly because community-based fishing uses smaller
vessels, closer to shore'. Spatial shifts in shipping during 1990-2015
have also favoured active mining areas and the more sheltered southern
route of the Northwest Passage'®. Driven by economic developments
and geostrategic imperatives, offshore construction (harbours,
resource extraction facilities, cable and pipeline laying) is also expected
to increase over the coming years. Mining is expected to develop across
the Arctic, in particular in Nunavut (Canada), Russia and Greenland"’
and this will often include marine shipping of the resources extracted.
Underwater sounds from near-shore activities and shipping lanes are
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known to affect local wildlife and subsistence hunting/fishing’*' and
they are considered important challenges™. In some countries, reg-
ulators are investigating how best to manage expected increases in
sound levels underwater”, but there is still some debate on the meth-
odology, in particular the choice of frequency bands.

Here, we use long-term continuous acoustic measurements
from the Community Observatory installed in 2012 by Ocean Net-
works Canada (ONC) in Cambridge Bay (Nunavut). Cambridge Bay
(69°06°51.24”N; 105°03’32.28”W), also known in Inuinnaqtun as
Ekaluktutiak (“good fishing place”), hosts a community of less than
2,000 people. It is the largest stop for passenger and research vessels
along the southern route of the Northwest Passage (Fig. 1). Indepen-
dent, recent measurements in the outer Dease Strait*’ recorded very few
ships, with their higher source levels belonging to large ships like
tankers and bulk carriers, and the lower levels associated with smaller
vessels like tugs and research ships. Cambridge Bay Airport is located
approximately 2 km southwest from the ONC hydrophone. In season,

24-31

it operates scheduled flights (including large planes like Boeing-737) as
well as charter and cargo. The Cambridge Bay Water Aerodrome is
located east, less than 2 km away from the ONC site. Because of the
presence of ice, it is generally operated only from mid-July until mid-
September, although ice may be encountered well into August.
Cambridge Bay is therefore a good case study to assess how human
activities affect the local underwater soundscape, and we aim to address the
following research questions:
1. How do the MSFD “shipping bands” fare in polar environments? What
are the differences between seasons?
2. Which human activities (other than shipping) could contribute to the
underwater soundscape?
3. Beyond the MSFD shipping bands, should other frequency bands be
used to assess human impacts and up to which frequency?
4. Are satellite records of shipping (using the Automatic Identification
System) enough to assess and/or model human contributions to
soundscapes?

August AIS traffic - 2015 to 2024

ambridge Bay

Ekaluktutiak

Fig. 1 | Cambridge Bay (Nunavut, Canada) is on the southern route of the
Northwest Passage. This map shows individual ship traffic information, provided
by the Arctic Ship Traffic Database (ASTD) of the Arctic Council’s working group on
Protection of the Marine Environment (PAME), using Automatic Identification

Systems (AIS). AIS positions are recorded every six minutes and the present map
shows August traffic, cumulated from 2015 to 2024, The main shipping lane passes
in front of Cambridge Bay and there is regular traffic going into the bay itself.
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Fig. 2 | Local ice thickness is measured by an ice profiler next to the ONC
hydrophone (note the slight data gaps, for example in spring 2021). Grey bars
show their monthly means. They are compared with the number of AIS entries each

month (thick black line), and the number of days each month when AIS shipping
was present in the area around Cambridge Bay.

Results

This section presents answers to these four research questions, based on ten
years of acoustic measurements. See the Methods section for details of the
processing.

MSFD “Shipping Bands” in Different Arctic Seasons

The Arctic seasons are very contrasted, with little to no ice in summer and
full ice cover in winter. Figure 2 shows the mean local ice cover in each
month, from January 2015 to December 2024, and the summer seasons are
easily identifiable. They vary slightly from year to year, at least if defined only
by the local ice cover (regional ice cover from satellite ice charts was also
assessed). These summer seasons also correspond to the highest numbers of
AIS entries for the region of Cambridge Bay, identified with sharp and
narrow peaks, except in late 2015. AIS positions are logged every 6 min,
meaning that 1800 entries in a month correspond to at least 180 h of
shipping activities (or longer if ships transmit sound when entering or
leaving the area but their last/next AIS position is outside the zone). The total
number of ship entries in each period can also be affected by the same ship
re-entering the area several times. It is therefore better to consider the
number of days where shipping has been recorded. This leads us to compare
the months of May (full ice cover, no shipping) and August (little to no ice
cover, highest shipping). This contrast in seasons aligns with the community
observations of marine transportation compiled in'*,

Figure 3 compares variations in the “shipping bands”, third-octave
levels centred on 63 Hz and 125 Hz, with the broadband (10 Hz - 32 kHz)
Sound Pressure Levels for the months of May and August (for years when
enough data is available in both months). Broadband levels are generally
louder in average by approximately 10dB in August (with a standard
deviation of 5.7 dB) than in May (with a standard deviation of 2.8 dB).
Louder outliers are 10 times more present than quieter ones (respectively
1.95% and 0.18% of all events). The mean levels are generally louder as the
month progresses and navigation becomes easier. With only 5 AIS entries
(Fig. 2), August 2020 is an exception, because of the COVID lockdown, and
its broadband levels are generally similar to those of May. The Sound

Pressure Levels for the months of May between 2015 and 2024 are generally
similar and smaller, with much less variation from year to year or from week
to week.

The individual “shipping bands” follow each other and the
broadband Source Pressure Levels (SPLs) in August, and a Pearson’s
correlation test shows r values of 0.87 (63-Hz band) and 0.90 (125-
Hz band), with 95% confidence intervals CI of [0.85, 0.89] and [0.89,
0.91], and p values of 1.1x10® and 2.3 x 10" respectively. These
very strong correlations show the main contributions to broadband
impacts are indeed mostly coming from the “shipping bands”. But
week-to-week variations do not follow the distribution of AIS-
recorded traffic (Fig. 4). Levels lower than expected can be attributed
to propagation losses if the ships are further away, whereas higher
levels mean that non-AIS ships or other sources of sound are adding
to these sound levels.

Conversely, for the months of May, the 63-Hz band is less well cor-
related with the broadband values (r=0.68, 95% CI [0.64, 0.72] and
p=15x%107) whereas the 125-Hz has correlation values similar to the
months of August (r=0.88, 95% CI [0.86, 0.90] and p=1.9 x 10™"). The
years 2020, 2023 and 2024 also show a near-absence of the quieter outliers.
The correlation with broadband levels is still relatively strong but it cannot
be explained by the presence of shipping, non-existent at this time of year
(Fig. 2).

Other Human Contributions to Soundscapes
The ice cover in May isolates the hydrophone from weather events, and ice
processes are associated with different sounds®’, shorter or at different fre-
quencies. Thermal cracking is generally broadband and melting is associated
with higher frequencies, as also measured by™. This section highlights some
of the longer and louder sounds identified in the data selected for this study
(months of May and August).

Sounds associated to human activities include small and large ships in
summer: some of them are audible for a long time as they enter Cambridge
Bay and reach the harbour, whereas smaller ships are audible for shorter
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Fig. 3 | Comparison of Sound Pressure Levels, broadband and in the “shipping
bands”, in different seasons. Boxplots showing the variation of Sound Pressure
Levels, broadband (10 Hz-32 kHz, top) and for the third-octave bands of 63 Hz
(middle) and 125 Hz (bottom), for the months of August (left) and May (right).

2015 2016 2018 2019 2020 2023 2024
140
l ]
120 H o
¢ . : . ,
g100 H :
£
2 80 <
il - LWL LT 2
& LG ! IR e+ o
2 NaBEN1NEENNG) aginl 8
& i i = =
g ¥ [}
S Pyelty ] L A
o P h oo R | ’
S ] . IR Y
i o : FE I
20 i o 8 afe ¥ o oo o 90w
PRI 3
I
ot H] J : PP | !
i 23 4 12 34 123 41 2 3 4123412341234
Week in May
2015 2016 2018 2019 2020 2024
140
i
H 8 .
120 i . 2 .
. i
g100
] he]
g =t
g 80 9 1 | [+
H A L1 L] A L
§ TR L [ [ L | [ A m
& I O N oAl O g e gl |
) 1 | q | E
2 . g 4 + + H
@ i I Ty : 1 on
' o : i H N
i) . . .
40 R IR e e
H . . .
N .
4 . . .
20 i
" o ol PR
i 2 3 4 1 2 3 a 1 a1 3 4 1 2 3 a4 1 2 3 4
Week in May
2015 2016 2018 2019 2020 2024
140 .
120 ] | 8 i 1 I
@ 100 | | |
g
3 ‘ I |
H
] | 5
@ == R
§8° 3 \l ! ‘ Il m
¢ 1 1 s J Rt
° H A LN H T~ ~ N
& M o & 4N
ol i N
© . ' | ; —
] . o °
5 S o e . .
20 . i e 3 °
.
o le o
133 a1 2 3 4 1 2 3 4 1 2 3 a4 1 2 3 a

34 1
Week in May

Months with not enough acoustic data are not represented. The red lines go through
the mean values of each plot. For statistical reasons, only the first four weeks of each
month are represented.

periods. Their frequency signatures are concentrated below 125 Hz but can
extend higher for short periods (Fig. 5).

Activities from the Cambridge Bay Airport and the Cambridge Bay
Water Aerodrome are evidenced by the regular hearing of aircraft (Fig. 6).
The fact that aircraft sounds above water can be measured underwater has
been documented by a series of thorough studies™. The sound from a light
aircraft in flight is generated primarily by the propeller, which produces a
sequence of harmonics in the frequency band between about 80 Hz and
1 kHz. Aural examination of the present measurements confirms that most
of the sound comes from the propeller(s), spanning 40 Hz to 8 kHz (Fig. 6).
The number of aircraft audible at the ONC site varies, presumably based on
approach paths and aircraft types.

In icy seasons, if the ice cover is thick and stable enough, this allows a
range of anthropogenic activities, including transportation using snow-
mobiles and All-Terrain Vehicles'. Cambridge Bay is also famed for its
Omingmak Frolics, a week-long spring festival featuring snowmobile races
(and usually held in May). Figure 7 shows a typical snowmobile spectro-
gram. Loud tonals (below a few hundred Hz) are associated with higher
frequencies as the vehicle passes above the hydrophone. These results are in
line with other studies of snowmobile sounds (*%; Cook, pers. comm., 2023).

Identification of loud, continuous sounds of human origin is not always
straightforward, as some acoustic signatures can be very similar (e.g.
machinery above the ice or in neighbouring open water) and some sound
sources can happen in conjunction (e.g. several snowmobiles or several
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Fig. 5 | Spectrogram showing the combination of

an idling ship and continuous engine sound

(August 2015). The louder tonal lines cover differ-

ent frequencies below 1 kHz and last much longer 10
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ships). Aural identification of all sound sources has been compared for the
months of May 2018 and August 2018 (Fig. 8, from™). In May, no ships were
identified (which is logical). There were 77 instances of various unequi-
vocally anthropogenic sounds (e.g. machinery) and 1,966 recordings of
snowmobiles. In August, 147 individual recordings were interpreted as ship
sounds, 1 as unambiguously airborne (from the propeller sound), 39 as
generic anthropogenic sounds and 13 as “unattributed”. The single detec-
tion of a snowmobile is explained by the presence of a persistent ice patch in
Cambridge Bay, identified from satellite ice charts of the same period. In
May, anthropogenic sounds can be as loud as 90dB up to 1kHz and
snowmobiles can be as loud as 80 dB between 40 Hz and 1 kHz. Conversely,
in August, the different sounds are more varied. Sounds from ships show

higher mean SPLs at frequencies lower than 63 Hz and higher than 125 Hz
and anthropogenic sounds extend up to 700 Hz. Aural identification of
sound sources in other years (Table 1) could be used but it is limited by the
accuracy of qualitative identification of all sound sources in an extremely
large dataset. The main conclusion is that there are many anthropogenic
sources of sound, from the expected (ships, snowmobiles) to the less
expected (aircraft, machinery, idling vessels), and that they all contribute
significantly to the MSFD “shipping bands” as well as other bands.

Frequency Content of Loud, Continuous Sounds
To match MSFD Descriptor D11C2 for “continuous, low-frequency
sounds”, we restrict the analyses to measurements where the weekly
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Fig. 6 | Spectrogram showing aircraft sounds. This
shows the passing of a low aircraft (horizontal
arrow) and sounds interpreted as taxiing on the
nearby airfield (after 220 seconds, close to 60 dB
above background and spanning 40 Hz to 8 kHz),
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mean SPL is exceeded by at least 10 dB for at least 1 min (see Methods). For
each month of May and August between 2015 and 2024, we calculate the
average SPL of all loud events, in third-octave bands (blue bins, Fig. 9). This
can be related to the mean SPL (for both loud and quiet periods) of the entire
month (black line, Fig. 9). We also looked at the difference between the
months of August and May for each year (bottom plots, Fig. 9).

For the months of August, when shipping is present, the sound levels of
the louder events are systematically lower (by up to 5 dB) in the 63-Hz band
than the 125-Hz band. The same is true for the mean sound levels (black
lines in Fig. 9), for most summers (a few dB, up to ca. 10 dB in 2015). For the
months of May, when there is no shipping, both bands show relatively
similar levels. Interestingly, the 63-Hz band is somewhat louder (a few dB)
than the 125-Hz band for the average sound levels (for all measurements
during the month), but generally a bit less loud (a few dB) when considering
only the louder events. The study of shipping levels in Falmouth Bay (UK)
showed that the 125-Hz levels were higher (3.4 dB) than the 63-Hz ones”.
This was attributed to the increased presence of smaller, recreational vessels,

and the effects of acoustic propagation in water depths similar to those of
Cambridge Bay ( <40 metres and < 20 metres, respectively).

In the months of August, the number of loud events increases regularly
from year to year, with 2024 going back to the 2019 (pre-pandemic) level.
The frequency distributions of these louder events are significantly higher
than the mean SPL (up to 40 dB in some cases), extending well into the kHz
range. Interestingly, the sound levels of loud, continuous events are lower in
2018 (which is understandable, as only 1 ship was tracked by AIS) and 2019
(which is more difficult to interpret, as this month had the highest number
of individual ships tracked by AIS) (Figs. 2 and 4). These sound levels are
similar to those of August 2020 (during the COVID lockdowns) and they
increase again in 2024.

Conversely, in the months of May, the MSFD bands are amongst the
loudest (although there are no ships). The frequency distributions of loud
events tail off steeply above 1 kHz, and the number of loud events is rela-
tively similar in most years (apart from May 2020, at the peak of the COVID
lockdown). By using the arbitrary threshold of 1 min, these loud events
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Table 1| Aural identification of long, continuous sounds for the months of May and August (from*)) shows the numbers of
sources remain in similar ranges (apart from aircraft, presumably due to environmental conditions and flight tracks).

Year MAY Snowmobiles MAY Anthropogenic AUGUST Anthropogenic AUGUST Aircraft AUGUST Ships
2015 889 165 54 12 260
2016 961 60 30 1 154
2018 1966 77 39 1 147
2019 1291 27 39 0 126
2020 1195 56 35 1 212

It also shows that more ships are audible than tracked by AIS.

might not include all snowmobile events (Table 1), but they nonetheless
represent the most significant additions to underwater soundscapes.

The differences between sound levels in August and May (Fig. 9,
bottom row) clearly show that the mean SPLs (black lines) are always higher
in August than in May. However, the differences in frequency contributions
are very variable. In August 2015 and August 2016, all third-octave bands
contribute higher sound levels (close to 20 dB for some bands) than in May.
In August 2018, 2019, and 2020, however the frequency contributions are
lower than in May, except above 1 kHz. In August 2024, the contributions
from frequencies below 1 kHz are again louder, and so are the contributions
above 1 kHz, up to the maximum frequency of 32 kHz.

In conclusion, the comparison of sound levels for the months of May
and August between 2015 and 2024 shows that the MSFD shipping bands
are not the loudest or most representative. In summer, levels in the 63-Hz
band are generally much lower than in the 125-Hz band, both in general (all
sounds) and for the louder sounds only. In winter, the 63-Hz and 125-Hz
bands are at generally similar levels. Other frequency bands should therefore
be considered. This is in line with the observations of’, who mention the
use of the 2-kHz third-octave band by’ and highlight a study”’ showing that
the higher-frequency components of boat noise may be poorly correlated
with the MSFD bands. Similarly, another study*’ showed the sounds of small
personal watercraft in Australia contributed to frequencies in the range of
100 Hz to 10 kHz, with an additional peak at 15 Hz. Anthropogenic impacts
measured in Croatia*' showed third-octave levels were louder (up to ~ 4 dB)
between 350 Hz and 2 kHz in summer, but smaller (negligible to 1.5 dB)
between 60 Hz and 250 Hz. Other studies™ also found that the noisiest band

level was centred on 200 Hz, therefore showing that sound levels need
monitoring across a wider range of frequencies. And a systematic survey of
small vessels on controlled paths®” showed their acoustic signatures
extending well into the kHz range too. In the present case, another obser-
vation is the seasonal difference: the frequencies most representative of loud
events extend well above 1 kHz in open-water season whereas they do not
extend beyond 1 kHz at the maximum extent of ice cover. The extension to
higher frequency bands should depend on the ice cover (and therefore also
the type of human influences, from snowmobiles and ATVs in winter to
large and small ships in summer).

AIS ship tracking and soundscape contributions

Satellite tracking of ships is enabled by the Automatic Identification System
(AIS). AIS transponders are only compulsory on ships of 300+ gross ton-
nage engaged on international voyages, cargo ships of 500+ gross tonnage
not engaged on international voyages and all passenger ships irrespective of
size. AIS measurements have been very useful to assess the importance of
shipping-related sounds in areas like the North Sea**" and to model
potential impacts of ships with known source levels in the NE Atlantic** and
across the Arctic”.

In the environment of Cambridge Bay, AIS records show the main
shipping lane is at the far end of the bay (Fig. 1). The largest number of AIS
entries (Fig. 4) occurs in 2019 (7 unique vessels) and 2024 (4 unique vessels).
The largest numbers of ships identified aurally (Table 1) however occur in
2015 (260 measurements) and 2020 (212 measurements). In general, the
numbers of ships heard is much larger than the numbers of ships tracked by
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Fig. 9 | Frequency contributions of loud, continuous events for August (top) and
May (middle). The blue bins show the mean SPL for each third-octave band. The
MSFD bands of 63 Hz and 125 Hz are highlighted in red. For reference, the mean
SPL for all measurements across the entire month is indicated with a black line. For
each month, the numbers in the top right of each subplot correspond to the mean,
corrected ice draft above the hydrophone (in metres), the number of loud,

continuous events identified (in red) and the number of measurements available for
the month. For example, for August 2015, the mean ice draft was 0.0 m and there

were 108 loud, continuous events identified in measurements covering 60.7% of the
entire month (for May 2015, the mean ice draft was 1.7 m and 128 loud, continuous
events were identified in measurements covering 92.0% of the entire month). Bot-
tom: difference between the frequency contributions of August and May.

AIS. These spectrograms also show many ship sounds extend into the kHz
range (eg. Figure 5). AIS-based measurements are therefore greatly
underestimating the amount of overall traffic. This is in line with the in-
depth study™ of 5 years of shipping around Scotland, showing 67% of the
traffic was made of non-AIS vessels.

Soundscape contributions are often modelled based on AIS
records**”*. The benchmarking of different models and the comparison
with available measurements show general agreement in deeper waters (e.g.
in the NE Atlantic™). In coastal waters, more accessible to non-AlIS traffic,
soundscape contributions can differ by up to 10 dB because of these smaller
vessels and other anthropogenic sources. At Arctic latitudes, AIS is more
susceptible to satellite coverage limitations, along with potential failures in
vessel infrastructure and data flow (present at all latitudes). As pointed out
most recently®, capturing non-AIS contributions is very important for the
management of activities and impacts in coastal environments, and the
present article shows the importance of small vessels and other contributors
like snowmobiles, aircraft and machinery in the Cambridge Bay
environment.

Discussion

In summer, the louder sounds are strongly correlated with their expression
in the MSFD bands, but week-to-week variations do not follow the dis-
tribution of AIS-recorded traffic (Fig. 4). For example, lower sound levels are
observed in August 2018 (with only 1 ship tracked by AIS) and 2019 (with
the highest number of individual ships tracked by AIS) (Figs. 2 and 4). Non-
AIS ships or other sources of sound are adding to these sound levels. In
winter, the 63-Hz band is less correlated with the broadband values and the
125-Hz band has correlations similar to summer, although there is no
shipping (Fig. 2). The last winters (2020-2024) also show a near absence of

the quieter outliers in both bands. The MSFD bands are therefore including
many loud, non-shipping sources. These sounds could come from geoph-
ony (mainly weather, here), cryophony (ice dynamics), biophony (voca-
lising animals) and anthropophony (sounds of human origins but not
necessarily associated with shipping).

In line with’, we calculated the Pearson correlation coefficient r for
hourly wind speeds and corresponding mean sound levels (720 to 744 points
for 30- and 31-day months respectively), along with their 95% confidence
intervals (CI).The louder ambient sound levels are more significantly cor-
related with wind speeds (> 0.5, 95% CI [0.44, 0.55]) in August 2018 (for
frequencies > 200 Hz), August 2019 (> 1.2 kHz), August 2020 (> 500 Hz)
and May 2020 (> 5kHz), all frequencies above the MSFD bands. Con-
versely, they are anti-correlated with external temperatures (r < -0.5,95% CI
[-0.55, -0.44]) for all years except 2023-2024 and not correlated with first-
derivative changes in temperature (which would influence ice dynamics).
Specifically, both MSFD bands are poorly correlated with wind speeds
(r<0.35, 95%, CI [0.28, 0.41]) in summer and not correlated with wind
speeds (r < 0.3, CI [0.23,0.36]) and temperatures (r < 0.5 and generally close
to zero) in winter. Using the Ainslie model™ benchmarked in*, we checked
that the contribution of wind to the soundscapes was always well below the
levels of Fig. 9. This verifies that sounds audible in the MSFD bands are not
related to external weather and sea state.

There is extensive literature on sounds from ice dynamics, summarised
inter alia in”. Collisions between ice blocks last a few seconds at most, with
energies concentrated at frequencies < 1 kHz; fracturing is associated with
broadband, transient sounds, at frequencies < 3 kHz and thermal cracking is
a broadband transient sound with low-frequency peaks. Processes likely to
last one minute or longer are shearing (mostly tonal, with a main frequency
dependent on ice properties) and melting (continuous, broadband sound
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with high frequencies, sometimes lasting for hours™), but they are generally
less loud than the 10-dB threshold chosen here. A full identification of ice
sounds in the present dataset is beyond the scope of this study, which
focused on man-made sounds, but it should provide useful information
about the effects of climate change in Cambridge Bay.

Some marine animals, like narwhals or seals, are known to vocalise at
frequencies sometimes overlapping the MSFD bands. Although the aural
identification of loud sounds in May and August 2018 (Fig. 8) does not show
any, these sounds might still be present in other months, iflonger than 1 min
and loud enough. Anthropophony is however the predominant contributor
to the louder sounds in these measurements.

Human-made sounds include those from ships large enough to have
an AIS transponder. In and around Cambridge Bay, they are cruise and
passenger ships, general cargo and offshore supply ships, and chemical
tankers, all in small numbers. In summer, smaller ships are audible,
including at frequencies beyond the MSFD “shipping bands” into the kHz
range. These observations match those of other studies of coastal
environments”*"*. Some of these ships show constant sound levels, most
likely because they are stationary in the harbour of Cambridge Bay. In
summer, aircraft can occasionally be heard, although this is most likely
modulated by their approach patterns, passing close above the ONC
hydrophone, low enough to be readily detected. In winter, snowmobiles or
All-Terrain Vehicles moving across the ice are a significant part of the
underwater soundscapes (Table 1). The exact numbers are hard to ascertain,
as the same vehicle might be heard several times depending on its route, and
sometimes several vehicles can be heard together. This also matches anec-
dotal reports (e.g. snowmobile races during the local spring festival in May)
and community observations of marine transportation'’. Along with
machinery sounds, they form an important broadband contribution to the
louder sounds in winter.

Quantifying the impacts of human-made sounds onto the under-
water soundscape of Cambridge Bay requires the assessment of fre-
quencies beyond the “shipping bands” as well as the definition of
baseline levels, as also recommended by Halliday et al.*. Both endea-
vours should consider all months, because of the variations in ice cover
and sound types. This study used the months of May (fullest extent of ice
cover, no shipping) and August (little to no ice, presence of shipping) to
contrast the Arctic winter and summer seasons. Loud sounds will vary as
the ice fractures and melts, with different frequency ranges, and as it
reforms after summer. The amounts of local shipping also vary from year
to year, depending on ice cover in particular (affected by climate
changes). These variations will affect the baseline levels, which might
vary with the months (or with the seasons). The exact frequency ranges
might also vary with the months/seasons, as different anthropogenic
sources need considering (e.g. snowmobiles in winter vs. small and large
ships in summer).

This extension to other frequencies, possibly varying with time of
year, will affect modelling of future impacts. Martin et al.”’ showed the
progress in modelling shipping sounds but also the current limits, in
particular in shallow waters. Accurate identification of ship types and
paths is important. AIS measurements have been very useful in areas
like the North Sea** and to model potential impacts of ships with
known source levels in areas such the NE Atlantic*’ and across the
Arctic”. But recent studies™” show that AIS is not always working,
either because of technical issues (in the Arctic, this would include
satellite access at these high latitudes) or because of intention. Traf-
ficking, smuggling and TUU (Illegal, Unreported, and Unregulated)
fishing are not currently perceived as an issue in the Arctic”’. Another
important input to these models is the frequency signature of the
different vessels. Information is more readily available for the larger,
commercial ships, travelling mostly along shipping lanes*. There is
emerging data about smaller vessels (generally without AIS) fre-
quenting shallower, coastal areas*>**>** but these signatures will also
depend on specific ship attributes, like speed of travel and general
state**”. In Arctic waters, this is compounded by the lack of knowledge

of the water column at the exact times and ranges of interest, affecting
models of sound propagation.

In summary, long-term acoustic measurements from the Cambridge
Bay Community Observatory operated by Ocean Networks Canada were
used to quantify the variations of the “shipping bands” recommended by the
European Marine Strategy Framework Directive, from season to season and
from year to year, between 2015 and 2024. They were also used to quantify
the frequency content of loud and continuous events. Acoustic data was
supplemented with measurements of local weather, local and regional ice
cover, satellite-tracking of ships (using AIS) and aural identification of
specific events. For simplicity, we focused on the months of May (full and
continuous ice cover, no shipping) and August (no ice but shipping).

How do the MSFD “shipping bands” fare in polar environments?
We showed that they can be equally loud in both open-water and ice-
covered months, in spite of the obvious difference between potentially
contributing sound sources (ships vs. no-ships). In summer, levels in the 63-
Hz are generally lower than in the 125-Hz band, an observation often made
when smaller vessels are present. In winter, both bands are at generally
similar levels. Year-to-year variations do not show any particular trend, in
particular from climate change effects.

Which human activities (other than shipping) could contribute to
the underwater soundscape? Large ships (AIS-tracked) are few in numbers
but acoustic measurements reveal much larger numbers of small vessels
(with no AIS capability). In winter, the sounds from ships are replaced with
the sounds from snowmobiles and ATVs. In both seasons, aircraft con-
tribute to the underwater soundscapes, along with the sounds of machinery
(either oft- or near-shore). The acoustic impacts to consider must therefore
include a large variety of sources, depending on seasons.

Events that are loud (> 10 dB above the weekly SPL) and continuous
(lasting more than 1 min) show strong contributions at frequencies above
50 Hz, with marked seasonal differences. The frequencies most repre-
sentative of loud events extend well above 1kHz in open-water season
whereas they do not extend beyond 1kHz at the maximum extent of ice
cover. These variations also affect the baseline levels for human impacts,
which might vary with the months (or with the seasons).

Aressatellite records of shipping (using AIS) enough to assess and/or
model human contributions to underwater soundscapes? The answer is
clearly negative. In summer, more ships can be heard than are tracked by
AIS. In winter, the absence of ships does not preclude important soundscape
contributions from other vehicles like snowmobiles. More information is
necessary on the acoustic characteristics of the different sound contributors.
To model acoustic propagation underwater, more information is also
necessary about the local conditions at each time period (water column
properties, ice cover and ice type).

The European Marine Strategy Framework Directive and its criteria for
Good Environmental Status (related to third-octave bands centred on 63 Hz
and 125 Hz) are very good examples of how to monitor and ultimately
manage anthropogenic impacts on underwater soundscapes. But they are
not adapted to Arctic conditions like in the shallow-water environment of
Cambridge Bay. MSFD guidelines, and any guidelines to be developed for
and used in Arctic regions, need to address the presence of ice, its thickness
and extent, with distinct assessments depending on the seasons. These
guidelines need to incorporate the contribution of smaller vessels and other
sources of sounds like snowmobiles on ice. The results from Cambridge Bay
show for example that frequencies should be considered well above 1 kHz in
open-water season but below 1 kHz at the maximum extent of ice cover.

The effort to “go beyond the shipping bands” and define adequate
baselines is particularly pressing as climate change and geopolitical chal-
lenges are bound to greatly increase access to the Arctic and its marine (and
terrestrial) resources. As pointed out by Halliday et al. (2020), the Arctic
currently has very low ambient sound levels, and its marine life will therefore
be more sensitive to any increase. Measurements in these remote and
challenging regions need to include a variety of environments, from the
High Arctic to transcontinental shipping lanes and coastal communities,
with variable ice cover and other sound sources than just large vessels. As
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demonstrated at lower latitudes®, underestimating current impacts and
their developments will lead to inadequate policies, management and
mitigation efforts. It is therefore increasingly urgent to define an “Arctic
Marine Strategy Framework Directive”.

Method

Acoustic data processing

Ambient sounds are measured at the Cambridge Bay Community Obser-
vatory operated by Ocean Networks Canada™ using an Ocean Sonics
icListen HF hydrophone positioned 8 m deep (for a mean water depth of
13 m). Measurements from the months of May and August 2015 to 2024
were downloaded in lossless audio formats WAV and FLAC. They were
sampled at 64 kHz and recorded with 24-bit depths. There were some gaps
in data coverage, due to occasional instrument issues and the effects of
COVID lockdowns on data recovery. The processing was done with
PAMGuide™, using the hydrophone sensitivity of -170 dB re. 1 V/uPa and
the frequency range of 10 Hz - 32 kHz. Time windows of 1 second, with a
Hann filter and 50% overlap, were used to calculate broadband sound
pressure levels (SPLs), power spectral densities (PSDs) using Welch’s
method and third-octave band levels (TOLs), aggregated every 5 min.

We defined as “loud, continuous event” any series of measurements
where the SPL exceeded the weekly mean SPL, centred on the event, by at
least 10 dB for a continuous duration of at least 1 min (filtering out most ice-
related processes but keeping most anthropogenic sound sources like ships).

Measurements of ice cover

To assess the impact of shipping on soundscapes, we wanted to compare
times with more shipping (when there is less to no ice) and times without
shipping (when ice cover is maximum). Local ice cover is measured with an
ice profiler, operated by ONC, showing ice thickness close to the hydro-
phone (with a few data gaps, in particular in spring 2021). Regional ice cover
is available from weekly ice charts provided by the Canadian Ice Service
(https://iceweb].cis.ec.gc.ca/Archive/pagel.xhtml), showing amounts of ice
cover and ice types. They are based on analysis and integration of data from
satellite imagery, weather and oceanographic information, and visual
observations from ship and aircraft.

Weather information

Wind speeds and air temperatures were measured hourly at neighbouring
weather station Cambridge Bay A (69°0629“N; 105°08'14“W, WMO
ID:71925), currently operated by NAV Canada. The records were down-
loaded from the Canadian Government website https://climate.weather.gc.
ca/historical_data/search_historic_data_e html. They were converted to the
same time zone as the ONC acoustic measurements. Times with no acoustic
measurements were omitted. The mean sound levels in each third-octave
band were correlated with wind speeds for every hour using the Pearson
correlation, in line with similar calculations’, as an indicator of Sea State.
Hourly temperatures and their first derivatives were used to assess possible
changes in ice dynamics.

Satellite tracking of shipping

Ship traffic information is provided by the Arctic Ship Traffic Database
(ASTD) of the Arctic Council’s working group on Protection of the Arctic
Marine Environment (PAME), using the Automatic Identification Systems
(AIS). ASTD Level 3 data includes ship position (every 6 min), ship type and
activity, extracted for the area within the line of sight of Cambridge Bay. The
number of AIS entries for each month gives a strong indication of how
much traffic was in Cambridge Bay, even if the number of unique ships
might be small and they might be re-entering the area several times. The
number of days with shipping in each month indicates how busy it was
overall. Over the years, AIS records show the main categories present
around Cambridge Bay include cruise and passenger ships, general cargo
and offshore supply ships, and chemical tankers. These records are however
limited to AIS-using ships.

Data Availability

The acoustic data that support this study are available from the Oceans 3.0
Data Portal of Ocean Networks Canada ([https://data.oceannetworks.ca/
home)). Local ice cover is available from the Ocean 3.0 Data Portal. Regional
ice data is provided by the Canadian Ice Service ([https://www.canada.ca/
en/environment-climate-change/services/ice-forecasts-observations/latest-
conditions/products-guides/chart-descriptions.html)). Wind speeds from
the Cambridge Bay A weather station were downloaded from the Canadian
Government website [https://climate.weather.gc.ca/historical_data/search_
historic_data_e.html). The AIS records of ship types and movements are
available from the Arctic Ship Traffic Database (ASTD), coordinated by the
Protection of the Arctic Marine Environment (PAME) Working Group of
the Arctic Council ([https://pame.is/ourwork/?it=projects/arctic-marine-
shipping/astd)).
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